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Petroleum Hydrology Applied to Mid-Continent Field * 
BY ROY· O. NEAL, t BARTLESVILLE, OKLA. 

(New York Meeting, February, 1919) 

THERE are two main sources of the water that floods productive oil 
or gas sands. The water may rise from the lower depths of the producing 
stratum, or it may come from beds above or below the oil-bearing forma
tion. Usually the recovery of oil is decreased by water entering the 
oil sands, and most oil-field waters, especially those of deep wells, tend 
to foster the formation of an emulsion, which is expensive to treat. 
This paper deals with a method of distinguishing between waters that 
encroach upon oil-bearing beds. from sources in the same stratum and 
waters that reach the oil sands from horizons above. 

In order to remedy effectually water difficulties in oil and gas wells, 
it is absolutely necessary to determine the source of the invading water. 
Sometimes evidence such as the structural relations between the strata 
penetrated by fteighboring wells and those found in the well under in
vestigation is not adequate; also, data from drill logs and well records, 
from mechanical tests made on the wells by plugs, testers, drilling tools, 
etc., and from tests by chemical indicators such as eosin and Venetian 
red, may be unsatisfactory, for such data may fail to locate the source 
of the infiltrating waters. As a resort in such cases, the application of 
chemical analyses, that is, the comparison of an analysis of th~ water in 
question with that of typical waters from the various water horizons in 
that particular district, has in certain instances proved of value. This 
method has been used to advantage in the Westside Coalinga field of 
California, where the source of water may be fairly definitely determined , 
from its composition. 

The chief conclusions concerning the chemistry of the oil-field waters 
in California by G. S. Rogersl are: "Oil-field water is not necessarily 
salty, as is generally believed, and may not be even slightly salty to 
the taste. The degree of concentration of chloride in such water is 
governed primarily by local conditions and is not affected by the position 
of the water in relation to oil. Sulfate diminishes in amount as the 

* Published by permission of the Director of the U. S. Bureau of Mines and of the 
Empire Gas & Fuel Co. The data for this article were obtained by the writer in an 
investigation for the benefit of the sub-surface division of the <kological Department 
of the Empire Gas & Fuel Co. while he was chemist for this company. 

tPetroleum Experimental Station, U. S. Bureau of Mines. 
1 Chemical Relations of Oil-field Waters in San Joaquin Valley, California. U. S. 

Geological Survey, Bulletin 653 (1917) 6. 
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oil zone is approached and finally disappears. The concentration of 
carbonate increases as the oil zone is approached, but depends largely 
on the concentration of chloride. The horizon, with respect to the oil 
zone, at which these alterations take place, is different in each field." 

The conditions existing in the Mid-Continent field are very different 
from those in California; in fact, each pool probably has its own peculiari
ties, wholly different from those of any other district. In all pools in 
the Mid-Continent fields that have come to the writer's attention, the 
sulfates increase as the oil horizon is approached. In fact, in most cases 
the sulfate content of top waters is practically nil whereas in the bottom 

TABLE L-Analyses of Bottom Water Below 2500-ft. Sand in Augusta 
Field 

Average of 
I Center of . Twenty Northern Southern 

Samples Extremity Extremity I Field, Depth 
Di.tributed . of Field of Field 2545 Ft. 
Over Field 

Primary salinity, per cent ...... 79.18 77.30 80.03 79.10 
Secondary salinity, per cent .... 19.98 21.82 18.66 19.19 
Secondary alkalinity, per cent. 0.84 0.89 1.32 1.71 
Chloride salinity, per cent ..... 92.08 88.68 ·90.88 91.84 
Sulfate salinity, per cent ...... 7.08 10.43 7.73 7.27 

Iron, parts per million ........ 22 32 38 56 
Calcium, parts per million ..... 1,779 1,987 1,580 1,808 
Magnesium, parts per million.. , 464 445 544 455 
Sodium and potassium, parts perl 

million ........... , ........ 11,146 10,879 11,592 11,317 
Bicarbonate, parts per million. 313 234 353 456 
Sulfate, parts per million ...... 2,086 2,635 1,986 1,893 
Chloride, parts per million ..... 20,007 19,552 20,384 20,384 

Total solids, parts per million 35,817 35,764 36,369 

waters the sulfate salinity has reached as much as 10.5 per cent. The 
sulfate content has proved a trustworthy indication of bottom waters, 
which is contrary to the results obtained by Rogers for the California 
fields. The bicarbonates vary irregularly and are not consistent, none of 
the waters examined showing more than a trace of carbonates. The 
total solids of the bottom waters always was considerably lower than 
that of any of the top waters, and is a fairly reliable property to study in 
differentiating between top and bottom waters. More recently the 
method has been used extensively by the Empire Gas & Fuel Co. in the 
Butler County fields of Kansas and to a slight extent in the Blackwell 
field of Oklahoma. 

In Table 1 are the analyses of bottom waters of the Augusta field. 
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The primary salinity 2 is due to the presence of alkaline salts of the strong 
acids; secondary salinity is due to the presence of calcium and magnesium 
salts of the strong acids. Secondary alkalinity is due to the presence of 
the salts of magnesium, calcium, and iron of weak acids. Chloride sa
linity is equal to the sum of the combined chlorides present and sulfate 
salinity is equal to, the sum of the combined sulfates. The uniformity 
of the varIous bottom waters is conspicuously apparent from these 
data. From the results of more than 125 samples in the Augusta field, 
it was found that the sulfate varied from 7.15 per cent. to 10.52 per 
cent. j the chloride salinity ranges from 88.44 per cent. to 94.25 per cent. 
of all the properties, with practically all the results below 92. per cent.; 
and the primary salinity between 70.72 per cent. and 85.55 per cent. of 
all the propertieS. ' 

In Table 2 are given the analyses of top waters, above the 2500-ft. ' 

TABLE2.-Analyses,oj Waters Above 2500-jt. Sands in Augusta Field 

From 2160-ft. From 1280-ft. From 1660-ft_ 
Water Sand Water Sand Water Sand 

.. 

I 
Primary salinity; per cent ......... 1 80.24 80.92 74.41 
Secondary salini.t~, per cent ....... 19.74 19.02 25.55 
&"""dA" A1kafunty, p& oont _____ I 0.02 

1 
0.06 0.04 

Chloride salinity, per cent ....... ' , 99.62 

I 

99.94 99.96 
Sulfate salinity, per cent .......... 0.35 none none 

Iron, parts per million ........... 1 117 48 52 
Calcium, parts per million ..... , .. 1 4,950 6,710 7,440 
Magnesium, parts per million ...... 1 1,915 2,762 2,960 
Sodium and potassium, parts per 

million. " .' ...... '" ... , ...... 34,452 49,298 37,026 
Bicarbonate, parts per million ... , . 10 68 41 
Sulfate, parts per million .. , .' ... , . 252 trace trace 
Chloride, parts per million ... , .... 67,300 95,800 78,800 

Total solids, parts per million ... 1- 108,996 154,686 126,319 

sand, from distinctly different water horizons in the Augusta field. The 
primary salinity of some 50 samples of top waters varied from 70.72 
per cent. to 85.55 per cent. of .the total properties; the secondary salinity 
from 14.12 per cent. to 29.25 per cent'.; the chloride salinity from 87.90 
per cent. to 99.98 per cent.; and the sulfate salinity from a trace to 0.35 
per cent. -

The chief distinction between the top and bottom waters is the per
centage of total solids. The content of solids in the top waters averages 

2 Chase Palmer: Geochemical Interpretation of Water Analyses. U. S. Geological 
Survey, Bulletin 479 (1911). 
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four or five times as great as that of the bottom waters. The difference 
in the chloride salinity between top and bottom waters is a reliable index 
to use in differentiating the various waters. The distinctive character 
of the waters as regards the sulfate content can be used in classifying top 
and bottom waters. 

From these data, it is obvious that the top and bottom waters are dis
tinctly and uniformly unlike and that it is an easy matter to differentiate 
themi it is extremely difficult, however, to distinguish betw6en the various 
top waters, inasmuch as there appears to be no uniformity in their 
composition. The top and bottom waters being so different in total 
solids, and hence in specific gravities, it has been suggested 3 that a 

TABLE 3.-Analyses of Water in Augusta Field 

No. I J,ease and Wen No. I Section I Total Solids t Chlorides t Sulfates 

-T I ~~i: ~~: !~:~-:~:-~'~I- ~!~ - :~j~~ -- ~::;:-;::~~-
3 Love No.7. . . . . . . . . . . . . . . . . 20 41,028 23,296 2,992 
4 Long No.2 .......... ' " ... 8 43,500 24,960 2,096 
5 E. Varner No.9. . . . . . . . . . . . 17 46,732 25,792 2,700 
6 E. Varner No.7.. . . . . . . . . . . 17 49,008 24,544 2,424 
7 Smith No. 11 ...... " . . . . . . . 20 46,620 26,208 2,396 
8 Smith No. 14 ... _ . __ . . . . . . . . 17 41,200 22,464 2,644 
9 Haskins No.8 .......... , '1' 17 153,600 94,640 892 

10 Miller No.6. . . . . . . . . . . 2 34,032 19,136 2,644 
11 Martin No.5. ...... ... .. 2 40,300 24,960 2,516 
12 F. Varner...... . . . . . . . . . . . . • 16 36,336 20,592 2,560 
13 E. Varner No.9 ....... _ . . . . 16 42,528 22,464 2,940 
14 F. Varner No. 16... ... . .... 16 155,956 97,760 696 
15 Ralston No. 25... .. . . . . . . . . 9 35,588 22,464 2,328 
16- Scully No.4.. .. . . . . . . . . . . . 9 33,320 18,720 2,444 
17 F. Varner No. 12........... 16 37,428 21,636 2,748 
18 Ralston No. 18........ . .... 8 41,872 24,544 2,588 
19 Scully No. 10. . . . . . . . . . . . . . 9 39,152 22,464 I 2,876 
20 Curry No.2... . . .. . . . . . . . . . 16 37,428 25,584 2,404 
21 Ralston No.6..... ........ 9 41,756 24,028 2,752 
22 F. Varner No. 12........... 16 47,496 26,208 2,920 
23 F. Varner No.1.. . . . . . . . . . . 16 36,148 21,216 2,860 
24 Ralston No.5.. . .. . . . . . . . . . 17 43,808 25,792 2,896 
25 Curry No.1........ .. .. .. .. 16 36,000 22,048 2,484 
26 Feltham No. 15. . . . . . . . . . .. 10 43,128 24,960 1,512 
27 Brown No. 10..... . . . . . .. . . 16 39,656 22,880 2,952 
28 Ralston No.9 ... _ . . . . . . . . .. 9 38,736 22,048 2,840 
29 Curry No.3...... . . . . . . . . . . 16 90,684 58,240 1,864 
30 Feltham No. 13. . . . . . . . . . . . 10 37,364 21,632 2,436 
31 i E. Varner No.6 ......... _ . . 16 38,320 20,592 2,588 
32 I Cunningham No.4 ........ ',', 16 36,116 20,592 2,416 

3J. O. Lewis, Petroleum Technologist, U. S. Bureau of Mines, in interview. 
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hydrometer be used to distinguish the waters. In most cases only 
three determinations-namely, total solids, sulfates, and chlorides-are 
necessary to detect mixed or top water that has infiltrated into the oil 
sand, as is shown by Table 3. It is apparent that samples Nos. 9, 14, 

T.AELE 4.-Propert£es oj Water in El Dorado Field 

Bottom Water From 
24S0-ft. Sand, 

Per· Cent. 

Top Water From 
1500-ft. Horizon, 

Per Cent. 

- -~---'---------

Primary salinity ............. . 
Secondary salinity ..... . 
Secondary alkalinity ............. . 
Chloride salinity ................... . 
Su!fatesalinity ............... . 

80.20 
17.90 
1.90 

92.72 
5.38 

81.32 
18,66 
0.02 

99.80 
0.18 

and 29 are top waters or of a mixed type. Complete ana\yses are rec
ommended when interpreting results of a questionable mixedwat~r. 
There is a close agreement among the various bottom waters, the results 
from the various leases in the field nearly coincide. The analyses of 

TAIlLE 5.-Analyses of Water in El Dorado F£eld 

----

.Iron ............. . . . . . . . . . . . 
Calcium ... 
Magnesium ~ ....... 
Sodium and potaRsium ........ 
Bicarbonate. ................ 
Sulfate ....... .. , .......... 
Chloride ..................... 

Composition, in Parts per 
Million 

I 
Bottom I Top Water 

Water From From 1500-
I 2450-ft. Sand ft. Horizon 

42 63 
1~350 5,663 

377 2,935 
9,318 52,652 
.587 40 
1,310 

I 
236 

16,640 99,640 

I 
Total solids ...... .. ·1 29,624 I 161,229 

Reacting Values, in 
Per Cent. 

Water From From 15()()' 
Bottom \ Top Water 

. 24M-ft. s~~orizon 

0.15 0.04 
6.68 IL02 
3.07 4_28 

40.10 40.66 
0.95 0.01 
2.69 0.09 

46.36 49.90 

the top waters, even from the same horizon, do not correspond even to a 
degree whereby they can be specificaily' identified. 

Practically identical results were obtained in the EI Dorado field, 
the analyses of the water being very similar to those of Augusta, the only 
difference being in the smaller content of total solids in bottom waters 
as is shown by Tables 4 and 5. 
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The following reaction coefficients were used in calculating the re
active values of the various constituents in these waters;' 

. Calcium. . . . . .. 0.0499 
Magnesium. . .. 0.0822 
Iron. . . . . . . . .. 0.0358 
Aluminum . . .. 0.1107 

Sodium. . . . . .• 0.0435 
Potassium . . .. 0 .0256 
Carbonates. . .. 0.0333 

Bicarbonates ... 0.0164 
Sulfates ....... 0.0208 
Chlorides ...... 0.0282 

Analyses of the waters from the typical water horizons in the Blackwell 
(Oklahoma) field are relatively similar to those of the Kansas field, 
excepting that the concentration of the various salts is somewhat higher. 
The analyses are given in Table 6. 

TABLE 6.-Analyses of Water in Blackwell Field 5 

: 

Primary salinity, per cent ................. 1 

Secondary salinity, per cent ............... ) 
Secondary alkalinity , per cent .... . 
Chloride salinity, per cent ....... . 
Sulfate salinity, per cent ........ . 

Iron, parts per million. . . . ....... [ 
Calcium, parts per million ...... , ....... . 
Magnesium, parts per million. . . . . . ... 1 

Sodium and potassium, parts per million .... 1 

Water From 
Depth of 
2226-ft. 

87.97 
12.02 
0.01. 

99.99 
None 

52 
5,950 
3,855 

91,276 
25 Bicarbonate, parts per million ............. i 

Sulfate, parts per miJIion ........ ' ......... i None 
Chlorides, parts per million. . . .... i 162,240 

Water From 
Depth of 
2640-ft. 

93.06 
6.93 . 
0.01 

99.99 
None 

185 

Water From 
Depth of 
3412-ft. 

78.24 
21. 71 
0.05 

99.59 
0.36 

174 
3,412 2;407 
2,470 9,353 

104,079 62,089 
21 58 

~~::;~~~6,~~ 
I 

I 1----
1 

_ Tota~~olid~ parts per_mill:~. _ ~~ ~~~. L~63,3981 __ ~~,84~1 201,356 

The general definition of a connate water is, according to Rogers;6 
" A sample of salt water may reasonably be called connate if it approxi
mates ocean water in chemical composition and if it occurs in rocks of 
marine origin in which the circulation of the water is very slight. For 
practical purposes, therefore, connate water may be defined simply as 
fossil sea water." Although it. could not be expected that fossil sea 
water would remain unchanged in its original chemical constitution 
when in contact .with various rocks, it is remarkably striking how closely 
the composition of Augusta bottom water resembles that of ocean water. 
This is shown by the analyses given in Tables 7 and 8. 

4 Taken from Kansas State Board of Health Reports. 
Ii Oil strata are at 1700 ft. and 3400 ft. (518 m. and 1036 m.). 
• Op. cit., 22. 
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Paramount'in importance is the collection of representative samples 
of waters from the various water horizons and from wells distributed 
over the entire field. Reliable samples can be taken only at the time 
of drilling into water strata and it may prove profitable, especially 
III a newly developed field, to collect representative samples, label 

TABLE 7.-Properties of Sea Water and Av,yusta Bottom Water 

Sea Water," Per Cent. I 
Augusta Bottom Water,' 

Per Cent. 
-~~~----.~-~-- -- ----'.---------

Primary salinity ..................... 1 79.18 . I 
Seoondary salinity. . . . . . . . . . . . . . . . . . . 19. 98 
Seoondary alkalinity ............ : .... _ 0.84 
Chloride salinity.. .. .. . . . . . . . . . . . . . . . 92.08 
Sulfate salinity. . . . . . . . . . . . . . . . . . . . . . 7.08 

78.60 
21.10 
0.30 

90.30 
9.24 

carefully while drilling the well, and preserve for future reference in 
case water troubles arise later. After an adequate number of trustworthy 
samples of typical waters have been examined, it is possible to form an 
estimate on the probable location of the water in question aft~r comparing 
with analyses of water from known horizons. It might be emphasized 

TABLE S.-Comparison of Sea Water and Augusta Bottom Water 

Sodium and potassium ......... 
Caloium ...................... 
Magnesium .......... , ........ 
Iron ......................... 
Sulfates .......... '" ......... 

. Chlorides and bromide ......... 
Bioarbonates ...... '.' ...... , ... 
Carbonates .... " ............. 

I 

Total s~lids ................. 1 

Composition, in Parts per 
Million 

Augusta 
Bottom Sea Water" 
Wster' 

11,146 11,100 
1,779 420 

464 1,300 
22 

2,086 2,700 
20,007 19,410 

313 

35,817 35,000 

I 

Reacting V slues. in 
Per Cent. 

Augusta 
Bottom Sea Water' 
Water' 

39.59 39.31 
7.23 1.77 
3.12 8.92 
0.06 
3.54 4.62 

46.04 45.22 
0.42 

0.16 

that too much. care cannot be exercised in procuring representative 
samples, also that generalizations should not be drawn from a few specific 
cases-that is, too few analyses. 

It would be a matter of speCUlation to say that the application of 
chemistry to water problems in other Mid-Continent fields would be 

I Average of 20 analyses of Augusta bottom water. 
8 Mean of 77 analyses of sea water, by W. Dittman, given by Chase Palmer in 

U. S. Geological Survey Bulletin 479. . 
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as beneficial as they have been in Butler County, but inasmuch as good 
. results have been obtained in all the pools that have been examined, 

namely, El Dorado, Augusta, and Blackwell, as well as the California 
fields, it seems possible that the principle can be practically demonstrated 
in other fields, although the characteristics of the water in each pool 
will be distinctive. This method is not recommended as foolproof or as a 
panacea, but should not be neglected in determining the source of waters 
intruding upon oil-bearing formation, because it has been so successfully 
applied in the Butler County fields and will undoubtedly prove of much 
value in other fields, especially where complicated water difficulties 
are encountered. 

The writer wishes to express his app;eciation of the assistance and 
cooperation rendered by A. J. Diescher, A. W. McCoy, L. E. Jackson, 
and W. A. Williams of the Empire Gas & Fuel Co., J. O. Lewis of the 
Bureau of Mines, and Dr. Chase Palmer and Dr. G. Sherburne Rogers 
of the U. S. GeologicalSurvey. 

DISCUSSION 

G. SHERBURNE ROGERS, * Washington, D. C. (written discussiont).
Mr. Neal's paper on the petroleum hydrology of the Mid-Continent 
district is a welcome contribution on a subject concerning which none 
too much is known; it is, I think, the first published description of the 
chemical character of the oil-field waters of the great Mid-Continent area .. 
When studying the oil-field waters of the California fields several years 
ago, the differences in chemical composition between waters occurring 
at various horizons seemcd to be sufficient to enable the operators to use 
water analyses as a basis for determining the source of the water flooding 
a well; and it is gratifying to find that Mr. Neal has arrived at a similar 
c·onclusion. 

As Mr. Neal points out, the Mid-Continent waters are very different 
in character from those of the California fields, and casual inspection 
would seem to indicate that the laws governing their variation are 
diametrically opposed to those that seem to have operated in California. 
In the Mid-Continent fields, the upper waters are highly concentrated 
solutions of sodium, calcium, and magnesium chlorides and are prac
tically lacking in sulfates; whereas the waters underlying the main 
producing oil sands are much less concentrated, contain sulfates, and 
closely resemble ocean water. In the California fields, the waters above 
the 9il sands are moderately strong solutions of sodium, calcium, and 
magnesium sulfates, with carbonates and chlorides in minor proportion; 
whereas the waters close to the oil sands or below them are generally 

* Geologist, U. S. Geological Survey. t Received Jan. 27, 1919. 
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much more concentrated and much higher in chlorides, but are invariably 
lacking in sulfates. Broadly speaking, therefore, concentration increases 
with depth in California, but in the Mid-Continent field it diminishes; 
sulfates decrease and disappear as the oil sand is approached in California, 
but in the Mid-Continent field they are absent above the main oil sand 
and appear only beneath it. 

The first point of difference, concentration, is evidently due to the 
great difference in geologic conditions that distinguishes the two areas. 
The fields of San Joaquin Valley, California, are located in the foothills 
about 500 ft. (152 m.) above the center of the valley, and as the forma
tions dip steeply and outcrop close to the fields considerable surface 
water enters the rocks and drains down toward the valley. Drainage 
is impeded, especially in the deeper beds, by a series of anticlines which 
separate the fields from the main valley, and the troughs back of these 
anticlines constitute traps from which apparently the original connate 
water has never completely drained. . The upper waters are therefore 
similar to the normal groundwater in any semi-arid region, their salts 
being derived from the rocks through which they pass; theA~ell~l'_w:aters, 

. however, arepal'My-or-largely connate in character and in some localities 
. closely approach ocean water in density. In the Mid-Continent area, on 

the other hand, the fields are located far from the outcrop of the pro
ducing sands and the dips are very gentle; meteoric waters penetrate only 
to shallow depths and the underground circulation beneath is exceedingly 
sluggish. The very high concentration of these waters may be due to the 
fact that they have remained practically stagnant for long geologic periods 
and that the rocks with which they have come in contact contained 
disseminated salt and other chlorides. The theory, advanced by Mills 
and Wells, that ascending hydrocarbon gases exert an appreciable drying 
effect on underground waters, and thus increase their concentration, may 
also be applicable. The decidedly lower concentration of the waters 
beneath the deepest oil sand in the Augusta and Eldorado fields may be 
explained by supposing that these waters have not come into contact with 
salt; that their circulation at some remote time was freer than that of the 
waters above them has ever been; or that, since they underlie the deepest 
known oil sand, they have not been subjected to the drying effect of 
ascending hydrocarbon gases and therefore retain their original density. 

The second point of difference between the Mid-Continent and Cali
fornia waters, variation in sulfate, is probably also due to difference in 
geologic conditions. In the California fields, the shallow waters are high 
in sulfate, those close above the oil zone contain less sulfate but genera,lly 
some sulfide, those in and below the oil zone carry neither sulfate nor 
sulfide. The theory that the sulfates in this area were reduced to sulfides 

. (including hydrogen sulfide) through the action of certain hydrocarbons 
seems plausible, therefore. In the Mid-Continent field, Mr. Neal states 
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that the waters above the main oil sands, which in the fields described 
lie at about .2500}t. (7()0 m.), are sulfate free, whereas those beneath them 
contain sulfate; but he does not take into consideration the presence of 
higher and commercially less important oil and gas horizons. Thus, in 
the Eldorado field, considerable oil is produced from a sand at about 600 
ft. (182 m.) and there are prolific gas sands at about 900 and 1200 
ft.; in the Augusta field, the 600-ft. horizon carries gas and there is an
other and more important zone of gas sands between 1400 and 1600 ft.; 
and in the Blackwell field, gas is encountered at numerous. horizons 
between 225 and 3275ft; and some oil in several sands between 2000 
and 3350 ft. The waters lying above the main oil sands in these fields, 
therefore, cannot be considered top waters in the sense in which I used 
the term in describing California conditions-as waters unaffected by 
oil or gas-and the absence of sulfate in these upper waters is thus in 
accord with the theory that suJiates are eliminated by the reducing action 
of hydrocarbon materials. The absence of sulfate in the waters beneath 
the oil sands in California is thought to be due to the fact that the oil 
and the deeper waters migrated together from unconformably under
lying formations. In the Mid-Continent field, there is no evidence of 
extensive upward migration and the presence of sulfate beneath the oil' 
sands is not, therefore. an argument again-st the sulfate reduction theory. 
Nevertheless, despite the strong evidence in favor of this theory to be 
found in the Californi!1 fields, I would not venture to apply it in the Mid
Continent district without further evidence. The oils of the two regions 
are very different in character and the reaction may be induced only by 
some constituent present in California oil and absent in the Mid-Conti. 
nent variety. Moreover, the fact that the ratios of calcium to magne
sium are distinctly smaller in the upper Mid-Continent waters than in the 
deeper ones suggests that most of the sulfate, in conjunction with cal
cium, has been precipitated out as . gypsum. These problems cannot 
well be solved until more extensive studies of the Mid-Continent and Ap
palachian oil-field waters have been made. 

It is interesting to note that the upper waters analyzed by Mr. Neal 
are not true bitterns, despite their concentJ:ation, and that except for the 
absence of sulfate they bear a general resemblance in properties to ocean 
water., In this respect they differ from most Appalachian oil-field waters 
and many other strong natural brines, which are characterized by high 
proportions of calcium and magnesium chlorides. The deeper water, 
which is almost identical in properties and in density with ocean water, 
is also highly interesting. The discovery of a Pennsylvanian fossil water 
so similar to the water of the ocean today raises a difficult problem for 
those who contend that connate water cannot long remain in the rocks 
without losing its original character. On the other hand, it certainly 
does not support the views of A. C. Lane and others who have attempted 
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to trace variations in the composition of the ocean through geologic 
time, and who suggest that the age of a fossil water may be determined 
roughly from its composition. 

The analyses presented by Mr. Neal appear to have a bearing also on 
the search for deeper oil sands in the Augusta and Eldorado fields. The 
fact that the waters within the general productive zone are several times 
as concentrated as those directly beneath it indicates a distinct change 
in conditions at the base· of the deepest known oil sand. The geologic 
nature and cause of this change are not clear, but the mere fact that a 
change exists suggests that the true base of the oil-bearing zone has been 
reached and that no deeper sands will be found. The appearance of sul
fate in these deeper waters may have a similar significance, though, for 
the reasons mentioned, I should not attach much weight to variation in 
sulfate until the waters of this region have been more extensively studied. 

Mr. Neal's statement, that the waters of each pool probably have their 
own peculiarities and that no attempt to use water analyses in practical 
oil-field work should be made until the local variations had been studied, 
is. thoroughly warranted. Conditions in the Mid-Continent field are 
very different from those in California, and the waters of both districts 
differ from those of the Appalachian and of the Gulf Coast fields. In all 
oil fields, the underground oirculation is naturally restricted and the 
waters are usually salty; but except in this regard there is no more reason 
to assume that all oil-field waters are alike than to assume that all river 
waters are similar. However, as most of the world's oil is produced from 
Tertiary and Cretaceous formations under conditions resembling those in 
California, rather than those in the Paleozoic fields of the United States, 
it is probable that oil-field waters the world over have a general resem
blance to those in California. This inference is supported by a study of 
the analyses of such oil-field waters from Russia, Roumilllia, Galicia, 
Egypt, India, etc., as I have been able to collect. 

R. VAN A. MILLS,· Washington, D. C.(written discussiont).-Mr. 
Neal's paper describing the successful application of petroleum hydrology 
in the Mid-Continent fields marks an important advance in this new field 
of investigation, the far-reaching possibilities of which are only beginning 
to be recognized. That his data and conclusions, based upon studies in 
the Mid-Continent fields, should accord closely with the results of simi
lar studies in the Appalachian fields is interesting. A few of the points 
of difference, as well as those of similarity between hydrology problems 
in the two localities, seem worthy of d'iscussion. 

The chloride salinity and predominance of sodium, calcium, and mag-

* Petroleum Technologist, U. S. Bureau of Mines. 
t Received June 30, 1919. Published by permission of the Director, U. S. Bureau 

of Mines. 
• 
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nesium in the waters overlying the main oil and gas horizons in the Mid
Continent fields studied by Mr. Neal, place these waters in the same 
general class as the deep-seated waters accompanying oil and gas in the 
Appalachian fields. Again, the bottom waters in these Mid-Continent 
fields resemble the Appalachian brines except for the generally lower 
concentration of dissolved constituents and the sulfate content of the 
Mid-Continent bottom waters. The respective percentages of primary 
and secondary salinity, predominant qualities of the deep waters in 
both localities, are practically the same. 
. The shallow top and intermediate waters of the Appalachian fields 
occurring in or closely underlying the coal measures contain bicarbonates, 
chlorides, and sulfates, but their geologic relationships and chemical 
qualities differ widely from any of the Mid-Continent waters described 
by Mr. Neal. Some of the Applachian top waters are primary alkaline 
but their predominating quality is secondary alkalinity. Analyses of 
shallow top waters in the Mid-Continent fields are needed for comparison 
with the Appalachian top waters. , 

The increase of sulfates as the main oil horizons are approached in tho 
Mid-Continent fields furnishes a striking contrast to Appalachian con
ditions wherein sulfates, though present in shallow top waters, are rarely 
found in the deeper brines. The content of noteworthy proportions of 
sulfate in some Appalachian top waters is probably due to the oxidation 
of sulfides in the coal measures; it also seems probable that the acquisition 
of sulfates by some intermediate waters is due to down-dip migrations 
of shallow ground waters. In contrast to these conditions, the sulfate
bearing bottom water of the Augusta field appears to be fossil sea water 
that has remained practically inert with respect to the reservoir rocks 
and petroliferous hydrocarbons of that locality. The absence of sul
fates in the deeper Appalachian waters, those of the Lower Pennsylvanian, 
Mississippian, and Devonian series is explained, in part at least, by their 
content of calcium, barium, and strontium salts, the high concentrations 
of dissolved constituents, and the increase of temperature with depth, 
which favors the deposition of calcium sulfate from solution. These sim-

. pIe geochemical relationships in certain Appalachian fields may be ac
cepted in lieu of the theory of the reduction of sulfates by petroliferous 
hydrocarbons and are substantiated by the occurrence of precipitated 
sulfates in the wells and pay sands and by simpl~ field and laboratory 
experiments. l 

In passing this subject, attention is called to Wegemann's report 
upon the Salt Creek oil field, Wyoming,2 wherein it is shown that deep-

1 These experiments for the U. S. Bureau of Mines will be described in succeeding 
papers. 

2 Carroll H. Wegemann: The Salt Creek Oil Field, Wyoming. U. S. Geological 
Survey, Bulletin 67Q (1918). 
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seated waters accompanying oil and gas in Cretaceous sands carry note
worthy proportions of sulfates. How widely the absence of sulfates 
in waters associated with oil. and gas holds true is problematic and should 
not, of course, be accepted as a generalization even in strata of the same 
geologic age. 

Another comparison, that of relative concentrations of so~called top 
and bottom waters in the two localities, is made possible by Mr. Neal's 
paper. In the Appalachian fields, an increase of concentration with 
depth is the rule, though certain fields, especially those in' southeastern 
Ohio, afford noteworthy exceptions. In that locality, the brines asso
ciated with oil and gas in lenticular parts of the Berea sand (early Mis
sissippian age) have attained only one-half the concentration of brines in 
the Big Lime, Keener, and Big Injun sands (Late Mississippian Age), 
which lie several hundred feet higher in the stratigraphic column 

. directly beneath the erosion surface that marks the contact between 
Pennsylvanian and Mississippian strata. 

In explanation of this condition, it seems probable that during the 
period of pre-Pennsylvanian erosion a part at least ofthe gaseoUSc0ntent of 
these beds escaped tlifough thin covers of limestone, sandstone, and shale. 
In the absence of an excessive influx of surface waters, such an escape 
of gases would have concentrated the associated waters. This theory of 
concentration of oil- and gas-field waters by evaporation into hydrocar
bon gases has ,been previously advanced3 and the conditions just cited 
are regarded as exceptionally favorable for its application. If there are 
similar relationships in the Mid-Continent fields, the theory is strength
ened. The occurrence there of highly concentrated top waters overlying 

. comparatively dilute bottom waters and the noteworthy absence of gas 
in the main oil sands of these same fields suggests the conc~ntration oftop 
waters through the escape of gases that should otherwise occur with the 
oil. 

From a technologic point of view, it matters little what theories upon 
the origin of the waters in different fields are accepted, but to establish 
primary causes of water injury to wells and pay sands and to develop 
methods of preventing or remedying such injury is imperative. The 
corrosion of well casings and tUbings through the hydrolysis of certain 
dissolved salts and the plugging of well cavities, tUbing perforations, and 
even the interstices of pay sands by inorganic mineral deposits formed 
through the agency of oil-field waters are common causes of the under-

3 C. W. Washburne: Chlorides in Oil-field Waters. Trans. (1914) 48, 081, ... 693. 
R. Van A. Mills and R. C. Wells: Evaporation of Water at Depth by Natural 

Gases (abstract). Journal, WashingtonAcademy of Science (1917) 7. 309:-310. 
Evapor!Ltion and Concentration of Waters Associated with Petroleum and 

Natural Gas: U. S. Geological Survey Bulletin 693 (1919). 
VOL. LXl.-37. 
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ground loss of gas and oil. The Bureau of Mines is developing methods 
of preventing and remedying these common injuries to wells and pay sands 
through the use of cheap chemical reagents. 4 This is an application of 
petroleum hydrology which, though only in the experimental stage, offers 
considerable promise in the conservation of gas and oil. 

Analytical methods, very similar to those described by Mr . Neal, 
for detecting the infiltration of injurious waters .into oil and gas wells 
and establishing the source of these waters before attempting to shut 
them off have also been outlined in Geological Survey Bull. 693.5. The 
different waters in each field are regarded as chemical reagents having 
definite properties and capacities to react with each other to form new 
types of solutions and precipitates. Thus in addition to analytical 
comparisons of the waters of different horizons, wc have as criteria to estab
lish the source of infiltrating waters in some Appalachian fields precipi
tates of barium sulfate and strontium sulfate with minor proportions of. 
calcium sulfate in the wells indicating the infiltration of sulfate-bearing 
top waters. In certain fields, calcium carbonate on the bottoms and walls 
of wells or incrusting tubings and inner surfaces of casings is an indication 
of top-water infiltration. Again, an abnormally low concentration of the 
dissolved constituents of a brine together with low proportions of chlo
ride and high proportions of sulfate or bicarbonate in the dissolved con
stituents is a further indication of dilution by top waters. 

The infiltration of bottom waters in the Appalachian fieJds is not easily 
detected because of the similarities between most deep waters and also 
because natural differences in concentration or differences in the relative 
proportions of dissolved constituents may be confused with differences 
brought about through induced concentration. 6 In thc Mid~Continent . 
fields, studied by Mr. Neal, it appears that there probably is not enough 
gas with the oil and water to cause these effects, but in the Appalachian 
fields oil is practically always accompanied by gas, the movement and 
escape of which brings about a definite order of change in the associated 
waters. Physical and chemical equilibrium is disturbed by the drilling 
and operation of wells. Carbon dioxidels lost from solution together 
with other gases and carbonates of calcium, magnesium and iron are 
deposited in wells and pay sands through the breaking down of bicarbon
ateil; induced concentration is brought about through the removal of 
moisture in expanding gases i and other dissolved constituents are lost from 

-----------.-------
4 R. Van. A. Mills: Process of Excluding Water from Oil and Gas Wells. U. S. 

Patent Application No. 258260. Also the acid treatment of wells to remove pre
cipitated carbonates. 

6 The manuscript for this bulletin was prepared in 1917, the field work having been 
done in 1914, 19i5, and 1916. 

6 Concentration of deep-seated waters brought about through the evaporation 
and removal of moisture in gases passing to and issuing from oil and gaB wells. 
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solution as the points of saturation for different salts are reached. Chein
ical reactions and temperature effects enter into these induced changes, 
but the subject, which has been outlined in Geoh')gical Survey Bull. 
693, is too lengthy for discussion at this time, The fact is evident that 
in the Appalachian fields analytical comparisons of waters collected at 
different periods in the life of a well or field furnish only part of the 
criteria necessary to establish the source of infiltrating waters. In 
making analytical comparisons of waters in the Appalachian fields, the 
careful consideration of induced effects7 is absolutely necessary. 

Inclosing this discussion I quote Chase Palmer8 as follows: 
"Oil-field waters must be studied, not only in the usual analytical 

way, but also by reactions of certain constituents Moreover, quantities 
of water much larger than the quantities used fo], analysis must be availa
ble. The active substances present only in small amounts must be 
obtained from the wate]'s and studied. If oils and waters are studied 
experimentally we can then learn the true relations between the oils and 
waters. 

"The study of waters and oils experimentally, not analytically, is_. 
the study of petroleum hydrology.9 . It is a new study, a new line of 
attack laid out by the organic and water chemist." 

Palmer's conception that ground waters are natural chemical reagents 
with definite properties and capacities to react is fundamental, and his 
classification of waters lO based upon this conception which Mr. Neal 
and many other hydrologists have followed marks probably the greatest 
single advance in modern hydrology. 

7 The deep-seated effects of extracting gas, oil, and water from their reservoir 
rocks. 

8 Personal communication. 
v The term "petroleum hydrology" originated with Chase Palmer. 

10 Chase Palmer: Geochemical Interpretation of Water Analyses. U. S. Geological 
Survey Bulletin 479 (1911). 




